Abstract: Mechanical and manufacturing engineering (MME) organizations commonly recognize the value of their knowledge resources, yet most fail effectively to exploit these assets. Knowledge management (KM) solutions should provide the means for appropriate exploitation of the resources, but there are very few published KM implementations in MME contexts compared with the wealth of KM solutions published in other sectors. This paper demonstrates a methodology for the creation of a KM solution space based on the review, analysis, and characterization of 157 sources, including examples of KM problems within 55 companies from 16 different industry sectors. The example KM solution set can be used to identify appropriate tools to solve KM-related problems in many MME contexts.
INTRODUCTION
It is widely accepted that engineering research, design, and development and manufacturing processes are highly reliant upon the valuable knowledge, experiences, and skills stored within the companies' systems, processes, documents, and employees [1, 2] . With an ageing population, a highly mobile and dispersed workforce, and compressed development times across all engineering industries, the effective management and exploitation of these knowledge, experience, and skills 'resources' are critical the factors to success in both developing and subsequently sustaining competitiveness. Indeed, it is apparent in some cases that the very survival of the business can be reliant upon the manner in which these key knowledge and experience resources are treated [2] . If key knowledge resources can be identified, maintained, and efficiently controlled, prior successes and failures can be capitalized upon, best practices can be captured and transferred, and new solutions can be developed with minimal duplication of effort and without unnecessary replication of prior work.
Away from manufacturing and engineering organizations, in the broader business world, an array of solutions exists, consisting of tools and techniques developed specifically to facilitate the management of knowledge and experience. These solutions have achieved widespread recognition for their capabilities and consequent importance in enhancing business processes across a variety of business applications and contexts. However, their relevancy, applicability, and relative merits in particular manufacturing or mechanical engineering contexts are generally not clear.
Initially, the non-specific and broad nature of terms such as 'knowledge management' (KM) can imply a 'fix all' generic tool or technique. Further investigation, however, quickly uncovers a myriad of extremely diverse, context-specific, and highly customizable solutions that are often implemented and adapted locally. It can therefore be a daunting challenge for a company to identify effective and efficient KM solutions to meet its requirements appropriately. The research presented in this paper addresses this challenge through the development of a new holistic solution space via extensive review and analysis of the literature identifying existing KM solutions discussed and implemented across a broad range of industries.
It is evident that engineering organizations recognize and accept the value of and consequences associated with their key knowledge and experience resources when it is brought to their attention, yet most have failed effectively to exploit the available value and benefits [3] . The research presented here is based on the belief that existing tools and solutions that have been developed and implemented to manage knowledge and experience in the wider business world should also be valuable within manufacturing and mechanical engineering organizations to enhance the utilization, management, control, and protection of identified key 'resources' critical to the success of engineering processes. However, they should be made suitable, relevant, concise, and accessible to maximize the benefits gained from the potential that they offer.
KM AND MECHANICAL AND MANUFACTURING ENGINEERING
Common needs and requirements within mechanical and manufacturing engineering (MME) areas have been identified and discussed in various research projects. These are summarized from the literature as follows [1] - [4] :
(a) sharing and transferring findings and knowledge for future use; (b) understanding reasons for and results from previous work and decisions; (c) managing increase in product knowledge associated with huge increase in product complexity; (d) reduced timescales and increasing competition; (e) increasing personnel turnover rates and a more fluid workforce (traditionally, engineering was perceived as a job for life).
By reviewing the key drivers and benefits from KM implementations in a wide range of contexts, it becomes clear that these correlate well with the requirements listed above. However, the literature presents only isolated incidences of KM implementations in the MME fields while offering a wealth of implementations away from such sectors. A review of the literature covering a wide range of industries finds a plethora of KM solutions, tools, and systems, providing a diverse range of KM implementations, models, tools, and solutions either proposed or exemplified via adoption within organizations. Several authors refer to a spectrum of KM tools from which to select solutions. These spectra often contain a narrow selection of tools specific to their industry, sector, or experiences. The quantity and flexibility of reported KM solutions and implementations potentially provide industry with powerful solutions to meet its KM challenges; however, the literature provides very little guidance on how to identify and implement appropriate KM solutions for particular companies or circumstances. The research reported here aims to narrow that gap.
This research seeks to exploit and assist the exploitation (where possible and appropriate) of existing solutions from the wider business world to provide new opportunities within MME sectors. Additionally, it provides a mechanism for exploiting existing inter-sector research and facilitating its uptake in MME fields promoting 'crossfertilization' and inter-sector learning. To achieve this, a substantial number of existing KM sources and KM implementations have been reviewed. They have been analysed and their features and details and have been summarized into generic formats or against developed criteria to satisfy the appropriate objectives. Many types of KM reference have been examined including management publications, academic journal papers, trade material, conference proceedings, and personal contacts, and a structured analysis has been carried out of each of these reviews (to identify common themes and distinct differences). This enabled the creation of summary statements, frameworks, or structures based on the content of the reviewed materials. The results of this detailed review indicated that the plethora of available KM solutions, tools, and techniques can be systematically processed to produce a holistic solution space to assist practitioners in MME contexts to select the most appropriate tool (or group of tools) to satisfy their KM requirements. The output from this research is referred to and considered to be a 'KM solution space'. Fundamentally, this solution space is composed of a classification system/taxonomy populated with a plethora of live and previously used KM tools that can then be applied as a problem-solving tool because the KM tools are classified according to the type of problem they can solve and types of improvement they can influence. The solution space will facilitate improvements within MME organizations by fulfilling the function of a KM toolbox (including instructions as to how to determine which tool to use and then subsequently how to use it). The methodology for developing the solution space is discussed in section 3.
METHODOLOGY FOR CREATION OF KM SOLUTION SPACE
The methodology adopted in this research is analogous to Blessing's (Blessing 95) design research methodology [5] . The key principles and concerns were to ensure an initial robust review identifying all of the relevant literature (including company sources, conferences, and trade literature, since the practical and industrial nature of the KM solutions means that not all KM instances appear in typical academic publications) and a subsequent rigorous analysis of the identified sources to fulfil the appropriate objectives. This was achieved by:
(a) a clearly defined problem (objectives to fulfil were identified for each element of the research; see stages 1 to 8 in Fig. 1 ); (b) prescribing a solution (including the review and analysis of appropriate criteria, scope, and sources to fulfil these objectives); (c) evaluating how the problem is fulfilled (i.e. via satisfaction of objectives) by subsequent quantitative and qualitative analysis.
Having reviewed and collated instances and details of KM usage it was critical that the KM solution space should have a sufficiently detailed, flexible, valid, and broad classification structure in which these solutions could be placed. In order to fulfil this, a taxonomy development methodology analogous to that presented by Breininger et al. [6] was employed.
A robust methodology was essential to deliver this element of the solution space owing to a number of interrelated factors, including a diverse range of sources. Owing to the rate of adoption and organic development of KM tools and systems over the last 20 þ years, numerous KM classification systems and taxonomies have been developed to explain the detailed use of certain products in an application, how specific industries or customers understand tools use, and to represent the current 'KM tool-set' at a certain point in time. This has produced some extremely focused categorization sets that are very specific to a certain subset of tools or a certain industry and lead to a range of entwined and overlapping classifications that do not provide a clear view of the entire KM tool landscape. Tables 3 and 4 (see later) cover a sample of the classification systems and taxonomies identified from the literature. In summary these existing classification systems had been developed around specific areas of KM (e.g. industry focused (Law) or solution-focused (purely IT-based solutions)) and there was not a single 'range' apparent that covered the whole diverse spread of KM solutions identified through the review.
In order to deliver a holistic classification system, the key elements of the reviewed systems were adapted, enhanced, and combined to ensure that they could accurately cover all of the specific identified and generic types of KM solution, thus enabling categorization of current solutions while being sufficiently broad, flexible, and robust to provide a 'future-proof' solution as new KM tools and techniques are developed. Figure 1 presents the methodology, scope of the reviews, and distinct research area elements. Each stage (1-8) of the methodology is now discussed in detail.
Drivers and reasons (stages 1 and 2)
The selection and implementation of KM solutions represents a significant challenge and change for most organizations; therefore, it is important to determine the drivers and benefits associated with implementing KM solutions. A review was therefore carried out to identify and summarize these and to provide an overview of the requirements, success factors, problems, and issues associated with such implementations. The three core objectives of this wide-ranging review were as follows.
1. Identify the core drivers and reasons for using KM as presented, discussed, and developed in the literature. 2. Identify the core reported drivers and reasons for specific organizations implementing KM. 3. Produce a succinct summary of drivers and motivations for KM implementations as ascertained from the literature and published company information.
The review indicated that there is significant evidence of a broad range of drivers for implementing KM within an organization. Looking at 28 companies' reasons for implementations led to the identification of 20 key requirements in seven key sections: these are presented in Table 1 . There also appears to be a set of five core driver elements that are frequently cited across publications and organizations; these are presented in Table 2 .
Review: models and classification (stages 3 and 4)
In stages 3 and 4, a review was carried out of the multitude of KM models and systems in the published literature on KM practices and processes, to characterize their core features and compare their similarities. The literature presented aimed to satisfy the following objectives. Many commonalities and differences can be identified within KM processes. This is partly because authors use varying terminology and processes have often been developed within organizations for specific contexts. However, from the ten processes identified in this review it is clear that the functions and subprocesses identified can be divided into four appropriate 'toplevel' categories relating to the need for processes to capture, transfer, create, and locate knowledge.
1. Objective (1) was satisfied by identifying and comparing a spectrum of KM implementations from 157 referenced sources, 55 companies, and 16 industry sectors. This led to ten distinct models being identified by comparing and contrasting the sources (Table 3 ).
2. Objective (2) was satisfied since the review of KM classifications, categorizations, and frameworks revealed relevant research from nine authors ranging from complete spectrums of categories to categories for specific groups of tools (i.e. knowledge transfer, as shown in Table 4 ).
Review: currently in use (stage 5)
Considering the aim of this research to develop a solution space containing existing KM solutions, an extensive literature and company review was conducted to determine which tools are available and the circumstances of their use. KM implementations across a broad range of industries and businesses were studied, examining 16 industry sectors, 150 incidences, and 55 companies, focusing on specific tools and suggested or implemented solutions. Analysis of this literature resulted in the identification of 21 generic types of tool and these are summarized, with details of the organizations which have applied them, in Table 5 . Clearly align the KM initiative to the business goals. Involve personnel and ensure that the plan and strategy are clearly communicated. Define measurable objectives for implementations.
Culture:
Understand how knowledge fits into the current culture, particularly the organisation option on sharing knowledge and collaboration internally and externally. The culture should value knowledge creation and knowledge sharing. Understand how knowledge is currently transferred within the organization and how it could be, i.e. analyse the lines of communication.
Understand any history relating to change or previous KM implementations within the company -these can have serious effects on future implementations. Understand and, if necessary, implement reward and recognition systems and schemes that reward sharing of knowledge and collaborative working; individual-based rewards can hinder knowledge sharing and ultimately prevent KM initiatives. KM requires a common ground among people, the organization culture should value the knowledge held in their employees heads and give them reasons to share the knowledge.
Technology:
IT can complement and facilitate the implementation but is rarely the key or sole solution to KM problems. IT KM solutions must complement and fit in or ideally utilize existing IT and technology systems wherever possible.
Benefits of face-to-face contact are rarely provided by technology and should not be forgotten.
Integration:
Integrate and embed the KM tools into existing business functions.
Couple the KM implementations with another business activity.
Implementation:
Top-level commitment for the KM project is important and a well-selected and influential steering committee is needed. Support should be from all levels of the organization, ideally via informal champions at each level of the organization. Dependent upon organization type, it may be most appropriate to implement early KM initiatives 'under the radar' becoming visible when established and proven successful.
Location and structure:
Locate the KM initiative close to the business front end where the effect can be seen. The KM initiative should have the aim of becoming fully integrated into the business processes over the long term with the KM solution embedded into the work flow so that knowledge can be captured, shared, and reused as part of day-to-day work. Consider the physical business structure and how this will influence the KM initiative.
Organization:
Chosen KM solutions must be matched to what is needed within the organization while considering what has been done before and the capabilities of the organization and its employees. It is essential that the chosen solutions are appropriate to the problem being solved and the organization. Table 2 Summary of benefits and drivers of KM identified.
Share, transfer, and capture knowledge, findings and experience from across entire organizations to ease and facilitate future use and concurrently to reduce the opportunity for unnecessary repetition of tasks. Provide a mechanism to access different pools of knowledge internally and externally and to provide appropriate tools to leverage these. Increase employee effectiveness, and manage and track employee competencies within a distributed more fluid and ageing workforce.
Reduce time-to-market and improve reaction to market changes, reduce risk by using more mature solutions. Provide a driver for the innovation process by creation, distribution and discussion of new ideas. In order to develop a single-solution space for the KM solutions and allow comparison, it was first necessary to summarize each KM solution (Table 5 ) and then present them in the same format. Love et al. [17] stated that, considering the unique nature of valuable (knowledge) resources within individual companies, it should not come as a surprise that firm-specific KM systems will develop. From initial reviews this may appear to be the case; however, on closer scrutiny and by considering the features and roles of the different tools and solutions it becomes clear that many of the tools and solutions, are fundamentally the same, varying only in the terminology used to describe them and the specifics of the resources and contexts within which they are used. Examples of this include:
(a) communities of practice: also known as communities of interest, knowledge-sharing communities, and forums, although on close inspection it is apparent that each solution is fundamentally the same. (b) competency management: customized and known by different names by various organizations (Yellow Pages, Expertise Directories, Expert Networks (internal) ); however, when reviewed, each tool is actually providing the same solution. The consolidated generic tools and solutions list are presented in Table 6 .
Compile and derive: solution space characterization parameters (stage 7)
The combined results from stages 1 through to 6 provide the essential components of a KM solution space. Extensive manual analysis of the KM tools and solutions reported in Table 5 was conducted by first identifying and then comparing their key characteristics to identify differences and similarities. This led to the identification of 19 distinct KM solutions; these are presented in Table 6 . The findings were then utilized to develop a set of 'characterization parameters' to enable the categorization of a KM tool based on the problem or issue that the tool is to be used to address. The characterization parameters were determined by considering previous parameters that have been defined by authors (stages 3 and 4) and the scope, application, and features of the KM tools and implementations detailed. Reviewing and analysing the classifications schemes (nine identified in Table 4 ) and generic KM solutions (19 identified in Table 6) , four top-level and 78 lower-level characteristics were identified by analysing the characteristics of the solutions; it was clear that:
(a) KM implementations cover a plethora of tools and solutions; (b) there are similarities in solutions used across different industries; (c) the use and success of individual KM solutions are strongly dependent upon the circumstances and context.
From the surveyed implementations and the summarized solutions illustrated, the following statements can be made; each KM solution will be associated with at least one of the following core actions:
(a) capture -knowledge and experience from people, process, documents, and findings; (b) create -create solutions using knowledge and experience; (c) locate -knowledge and experience; (d) transfer -knowledge and experience. 
The approach taken
Hard versus soft approaches. [16] Codification versus personalization. [17, 18] The KM processes involved
Two core elements: knowledge acquisition processes and knowledge representation technology.
[17]
Three tier KM system: presentation services, knowledge services, infrastructure services.
[19]
Three-tier KM model: communication, resource layer, process layer.
[20]
Nine core aspects to KM: content, portal, collaboration, learning, social capital, expertise, business intelligence, business integration.
[21]
KM spectrum: transactional, analytical, asset management, process, developmental, innovation and creation.
[22]
Dissemination and transfer processes
Five types of transfer: serial transfer, near transfer in team, near transfer, far transfer, strategic transfer.
[23]
Two transfer mechanisms: push versus pull. [21] Further to this it is apparent that the solutions can be categorized according to:
(a) the type of resource or knowledge they work with or the knowledge and experience stored within: (i) people/people's experiences; (ii) documents; (iii) rules/guidelines; (b) the time within a process in which the solutions are used: (i) before an event occurs; (ii) during an event; (iii) after an event has occurred; (c) the generic types of solutions:
(i) 'people based' with IT as a support; (ii) IT based with people as support.
By considering the above categories and reviewing each of the KM solutions surveyed against them, a set of solution space categories were developed and these are best illustrated in Fig. 2 .
Create: solution space (stage 8)
The reviews and analysis from stages 1 to 6 are used to develop a single-solution space by considering the details of where each solution is used, what it is used for, and any specific requirements it may have, the Knowledge-based engineering Airbus [28, 29] , Boeing [16, 39] , Jaguar [39] , Lotus [39] , Pratt and Whitney Rocketdyne [34] , Rolls-Royce [37] , Engine Cylinder Block -non destructive testing [44] , FE Mesh creation [45] , MIRA [46] output being a single-solution space containing a list of requirements and conditions of use crossreferenced to a range of KM solutions.
Having determined the KM tool classification parameters, a solution space was created by first representing each of the identified KM tools in a homogeneous format and subsequently populating the solution space with the characteristics of each tool. This creates a profile of each KM solution and presents all the solutions in one single-solution space.
The final solution space is presented in Fig. 3 .
CONCLUSION AND FURTHER WORK
An extensive and broad KM review has been completed across a diverse range of implementations and organizations. Drivers, motivators, reasons, problems, issues, benefits, and specifications of KM tools were reviewed and profiling tools were analysed against a new and unique set of characterization parameters enabling side-by-side comparison of any KM tool in the KM-solution space. The completed profile features the key characteristics of each of the identified KM tools. Some key points on the solution space are outlined below.
1. In compiling the solution space the total number of solutions was significantly reduced as it became apparent that some solutions and tools presented in the literature were fundamentally the same tools with different names. It is this final point that is the most useful and powerful outcome from creating the solution space.
At the outset of this paper it was noted that:
(a) MME organizations rely heavily on the valuable knowledge, experiences, and skills stored within the companies' systems, processes, documents, and employees; (b) away from manufacturing and engineering organizations, in the broader business world, an array of solutions exists, consisting of tools and techniques developed specifically to facilitate the management of knowledge and experience.
The creation of the KM solution space provides a stepping-stone to allow the experience held within to be (a) tapped into and to (b) demonstrated in.
In isolation and as presented in this paper, the created solution space provides a reference of KM tools or processes that have been used to solve, satisfy, and improve KM-related problems or areas. Utilizing the solution space further, as more than an isolated reference figure, it could be further developed to be used within a process or tool with the objective of selecting and guiding the use of the most appropriate KM tool as part of a structured process recommendation systems T7 Collaboration tools -instant messenger T8 Communities of practice T9 Peer assist and roundtables/learning during the event T10 Piggy-backing, team-writing, mentoring -T11 Post-project reviews/project post mortems/after action reviews/lessons-learnt reviews T12 Capturing best practices and lessons learnt -video T13 Learning histories T14 Content engineer T15 Data mining T16 Lessons-learnt database(s) T17 Yellow pages and competence management, expert networks internal T18 Expert networks -external T19 Knowledge maps review. It is this extended and integrated use of the solution space that will be the subject of further research and publishing. The research presented here is part of a larger project, substantial further research has been completed using this solution space, and further papers will be published covering the second and final two elements of this work, i.e. design of the KM tool and tool implementation by case study within MME organizations.
The research undertaken into the design of the KM tool will demonstrate how the developed KM tool facilitates the selection (from the solution space) and implementation of appropriate KM solutions into an engineering process via a process consisting of three stages: measurement, analysis, and solution. This process incorporates the considerations and lessons learnt from the previous implementations and considers factors specific to MME implementations when suggesting solutions.
The 'measurement' stage reviews the selected engineering process, to identify knowledge and experience resources used and resources created at each stage in the engineering process. The 'analysis and ranking' stage draws on the detail behind the KM solutions in the solution space to identify improvements and potential issues within the engineering process relating to the use and creation of knowledge and experience resources. Having identified these, the final stage, 'solve', can be applied to the areas identified for improvement and concern, as these can be formulated into a problem statement to be fulfilled. The problem statement is used as input to the solution space to select a suitable KM solution to improve the engineering process through better use of knowledge and experience created or used.
The research that has been undertaken into tool implementation includes extensive case studies, which will be used to demonstrate details of three different but typical MME processes being measured, analysed, and solved using the KM tool.
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